SH2-containing inositol 5-phosphatase 2 (SHIP2) is a 5-lipid phosphatase hydrolyzing the phosphatidylinositol (PI) 3-kinase product PI(3,4,5)P 3 to PI(3,4)P 2 in the regulation of insulin signaling, and is shown to be increased in peripheral tissues of diabetic C57BL/KSJ-db/db mice. To clarify the impact of SHIP2 in the pathogenesis of insulin resistance with type 2 diabetes, we generated transgenic mice overexpressing SHIP2. The body weight of transgenic mice increased by 5.0% (P < 0.05) compared with control wild-type littermates on a normal chow diet, but not on a high-fat diet. Glucose tolerance and insulin sensitivity were mildly but significantly impaired in the transgenic mice only when maintained on the normal chow diet, as shown by 1.2-fold increase in glucose area under the curve over control levels at 9 months old. Insulin-induced phosphorylation of Akt was decreased in the SHIP2-overexpressing fat, skeletal muscle, and liver. In addition, the expression of hepatic mRNAs for glucose-6-phosphatase and phosphoenolpyruvate carboxykinase was increased, that for sterol regulatory element-binding protein 1 was unchanged, and that for glucokinase was decreased. Consistently, hepatic glycogen content was reduced in the 9-month-old transgenic mice. Structure and insulin content were histologically normal in the pancreatic islets of transgenic mice. These results indicate that increased abundance of SHIP2 in vivo contributes, at least in part, to the impairment of glucose metabolism and insulin sensitivity on a normal chow diet, possibly by attenuating peripheral insulin signaling and by altering hepatic gene expression for glucose homeostasis. (Endocrinology 149: 642-650, 2008)
A PHOSPHATIDYLINOSITOL (PI) 3-kinase-dependent pathway plays a crucial role in the metabolic action of insulin (1, 2) . Insulin induces the activation of the p110 catalytic subunit of PI3-kinase via the tyrosine phosphorylation of insulin receptor substrates (IRSs) and their association with the p85 regulatory subunit (2) (3) (4) . PI3-kinase functions as a lipid kinase producing PI(3,4,5)P 3 from PI(4,5)P 2 in vivo. The PI(3,4,5)P 3 acts as a lipid second messenger to activate downstream molecules, including Akt by its phosphorylation at Ser and Thr residues (2, 4 -6) . The phosphorylation of Akt is involved in the uptake of glucose by facilitating the translocation of glucose transporter 4 to the plasma membrane in the skeletal muscle and adipose tissue (2, 5, 6) . The PI3-kinase/Akt pathway also plays an important role in regulating glucose homeostasis via hepatic gene expression (2) . Therefore, it has been speculated that disruptions of the regulation of PI(3,4,5)P 3 metabolism are part of the pathogenesis of insulin resistance and type 2 diabetes (4, 5, 7).
SH2-containing inositol 5Ј-phosphatase 2 (SHIP2) is a lipid phosphatase that hydrolyzes PI(3,4,5)P 3 to produce PI(3,4)P 2 , which contributes to the negative regulation of insulin signaling both in vitro and in vivo (8, 9) . Overexpression of SHIP2, via the 5Ј-phosphatase activity, inhibited insulin-induced activation of Akt, glucose uptake, and glycogen synthesis in 3T3-L1 adipocytes and L6 myotubes (10, 11) . To date, two kinds of SHIP2 knockout mice have been generated. The first kind exhibited severe hypoglycemia resulting in death within 3 d of birth (12) . Heterozygous knockout of the SHIP2 gene was not lethal and enhanced insulin sensitivity without affecting other biological systems. However, it has become apparent that concomitant ablation of the Phox2A gene also occurred in these mice, although the role of Phox2A may be limited in neuronal cell differentiation and negligible in glucose homeostasis (13) . Therefore, it is unclear whether the phenotype of the SHIP2 knockout mice is due to deletion of either SHIP2, Phox2A, or both. Recently, a second kind of SHIP2 knockout mouse was reported to be protected from high-fat diet-induced obesity and insulin resistance, although it displayed normal glucose and insulin tolerance on a normal chow diet (9) . Interestingly, insulininduced phosphorylation of Akt was increased in the liver and skeletal muscle, and blood concentrations of triglycerides and nonesterified free fatty acid (NEFA) were decreased in the knockout mice, even when they were fed a normal chow diet. In any case, SHIP2 appears to play an important role in the control of glucose and/or energy homeostasis via the regulation of insulin's action.
In an animal model of type 2 diabetes with insulin resistance, endogenous SHIP2 expression was enhanced in skeletal muscle and adipose tissue of db/db mice (14) . In an analysis with human genomic DNA, Marion et al. (15) found a 16-bp deletion located in the 3Ј-untranslated region of the SHIP2 gene. This deletion appears to affect the expression of SHIP2 protein because transfection of the mutant resulted in increased promoter activity of SHIP2 gene based on a luciferase assay in L6 myoblasts and HEK293 cells. In addition, some polymorphisms of the SHIP2 gene (Inppl1) are considered to be associated with hypertension, obesity, type 2 diabetes, and metabolic syndrome in European Caucasian populations (16) . Furthermore, a SHIP2 gene polymorphism found in the catalytic region in a Japanese cohort may confer protection from insulin resistance (17) . Together, alterations of SHIP2 expression and/or enzymatic function appear to have a profound impact on the state of glucose and energy homeostasis during the development of insulin resistance.
Recently, we investigated the impact of liver-specific overexpression of SHIP2 on glucose metabolism and insulin signaling by using adenovirus-mediated gene transfer in C57BL/KSJ-db/ϩm mice (18) . Under the conditions, glucose tolerance and insulin sensitivity were impaired through attenuation of insulin-induced phosphorylation of Akt in the liver but not skeletal muscle and adipose tissue. However, the results were not definitive because of the short-term overexpression of SHIP2 in the liver. Because increased levels of SHIP2 protein and/or catalytic function may be involved in the pathogenesis of type 2 diabetes, we generated transgenic mice overexpressing SHIP2 to clarify whether glucose metabolism and insulin signaling are impaired by long-term overexpression of SHIP2 in vivo. In addition, we explored the mechanism underlying the impairment of glucose and energy homeostasis in SHIP2 transgenic mice.
Materials and Methods Materials
Human regular insulin (Humalin R) was provided by Eli Lilly and Co. (Indianapolis, IN) . The polyclonal anti-Ser 473 and -Thr 308 phospho-specific Akt antibodies were purchased from Cell Signaling Technology (Beverly, MA). The monoclonal anti-Akt1 antibody and the monoclonal antiphosphotyrosine antibody (PY99) were from Santa Cruz Biotechnology (Santa Cruz, CA). The polyclonal anti-IRS1 antibody was from Upstate Biotechnology (Lake Placid, NY). The polyclonal anti-SHIP2 antibody has been described previously (8) . All other reagents were of analytical grade and purchased from Sigma-Aldrich Corp. (St. Louis, MO) or Wako Pure Chemical Industries (Osaka, Japan).
Plasmid construction
The cDNA encoding mouse SHIP2 was amplified based on GenBank/ DDBJ/ENBL accession no. AF162781.1, and was subcloned into pGEM-T vector (Promega, Madison, WI). pCAGGS-mouse SHIP2 was constructed by ligating mouse SHIP2 cDNA into the XhoI site located between the CAG promoter and 3Ј-flanking region of the rabbit ␤-globin gene of the pCAGGS vector, which was kindly provided by Dr. Jun-ichi Miyazaki (Osaka University, Osaka, Japan) (19) . Adequate insertion of the construct was confirmed by direct sequencing, and expression of the mouse SHIP2 protein in Cos1 cells was determined by using anti-SHIP2 antibody (8) .
Generation of SHIP2 transgenic mice
A 6.1-kb fragment was obtained by digestion of pCAGGS-mouse SHIP2 with SalI and HindIII, and purified using CsCl 2 gradient centrifugation. As shown in Fig. 1 , the excised fragment was used for microinjection into the pronuclei of fertilized C57BL/6J mouse eggs (20) . The microinjection was operated by Oriental Yeast Co., Ltd. (Tokyo, Japan). Founder mice (F0) were mated with C57BL/6J mice to generate F1-F4 mice, males of which were used for characterization in this study. The presence of the transgene was identified by PCR using a tail with the following primers: sense, 5Ј-CCTTCTTCTTTTTCCTACAGCTCCT-GGGCA-3Ј; and antisense, 5Ј-AGCAGCGCGGCTCAGGTCACGGT-GATACCA-3Ј. Two lines of transgenic mice were established. All mice were maintained under standard light (12-h light, 12-h dark cycle) and temperature conditions, and provided with food and water ad libitum. A normal chow diet is composed of 12 kcal percent fat (no. 5053; PMI Nutrition International, St. Louis, MO). For the high-fat feeding study, mice were fed a chow with 60 kcal percent fat (D12492; Research Diets Inc., New Brunswick, NJ) for 8 or 12 wk after 4 wk on normal chow. All experimental procedures used in this study were approved by the Committee of Animal Experiments at University of Toyama.
Measurements of serum parameters
Three-to 5-month-old mice were deprived of food overnight, and blood samples were collected from the orbital sinus under anesthesia. After centrifugation, supernatants of the blood samples were subjected to measurements of serum insulin and leptin levels using ELISA kits (Morinaga, Tokyo, Japan). Serum adiponectin levels were also analyzed with an ELISA kit (R&D Systems, Inc., Minneapolis, MN). Serum levels of cholesterol, triglyceride, and NEFA were determined with a colorimetric kit (Wako).
Glucose tolerance and insulin tolerance tests
Glucose and insulin tolerance tests were performed in 3-to 5-and 9-month-old mice. For the glucose tolerance test, mice fasted overnight were injected ip with glucose (2 g/kg body weight). For the insulin tolerance test, human regular insulin (1.5 U/kg body weight) was ip injected into random-fed mice. Blood samples were collected from the tail vein 0, 15, 30, 60, 90, and 120 min after the injection. Blood glucose and serum insulin levels were measured with a FreeStyle Kissei (Kissei Pharmaceutical Co. Ltd., Tokyo, Japan) and the ELISA kit, respectively.
Western blotting
After fasting overnight, 3-to 5-month-old mice were ip injected with human regular insulin (5 U/kg body weight) or saline. The mice were anesthetized and killed 30 min after the injection, and the liver, hindlimb muscle, and epididymal white adipose tissue (WAT) were rapidly isolated. These tissues were homogenized, lysed, and subjected to Western blot analysis according to the protocol as previously described (18) . The intensity of the band corresponding to the phosphorylated IRS1 or Akt was normalized to that in wild-type littermate mice treated with insulin in each experiment.
Northern blot analysis
Three-to 5-month-old mice fasted for 16 h were killed under anesthesia for mRNA extraction, and the liver was rapidly excised and snap frozen in liquid nitrogen. Mice were not fasted for the analysis of sterol regulatory element-binding protein 1 (SREBP1) mRNA. Total RNA was extracted from 50 mg liver specimen using the RNeasy Mini kit (QIA-GEN, Valencia, CA). Total RNA (10 g) in each sample was separated by electrophoresis on a 1.2% formaldehyde denaturing agarose gel and transferred to a Hybond-N ϩ membrane (GE Healthcare, Buckinghamshire, UK). Northern probes for glucokinase (GK), SREBP1, phosphoenolpyruvate carboxykinase (PEPCK), and glucose-6-phosphatase (G6Pase) mRNAs were prepared as previously described (21) (22) (23) (24) . Hybridization was performed in Rapid-Hyb buffer (GE Healthcare), and the membrane was analyzed using an image analyzer BAS5000 (Fuji Photo Film Co., Ltd., Kanagawa, Japan).
Measurements of hepatic glycogen and triglyceride content
The pieces of liver were isolated from 3-and 9-month-old mice in the random-fed state. Hepatic glycogen content was measured with a Glucose Assay Kit (Sigma-Aldrich), and hepatic triglyceride content was measured using Triglyceride E-Test WAKO (Wako), as previously described (25, 26) .
Histological analysis
Liver, WAT, and pancreas isolated from 7-to 8-month-old mice were immediately fixed, sectioned, and stained with hematoxylin and eosin (H&E). For detecting steatosis, the liver was stained with Oil Red O. For staining glycogen, the liver was stained with periodic acid-Schiff after treatment with a 1% celloidin solution for preserving the glycogen. Adipocytes in 5-m thick sections (H&E staining) were photographed under a light microscope, and the mean size of 200 cells was calculated using a VH analyzer (Keyence, Osaka, Japan).
Immunohistochemistry
Pancreatic sections were prepared using an autostainer system (DakoCytomation, Carpinteria, CA). Thereafter, the sections were incubated with rabbit polyclonal antibodies against glucagon or insulin (N-series, each 1:10; DakoCytomation) for 30 min, and were further incubated with Envision-plus (DakoCytomation) and diaminobenzidine. All sections were counterstained with H&E.
RT-PCR
WAT, intrascapular brown adipose tissue (BAT), and hindlimb muscle were collected from 5-to 7-and 9-month-old mice, and total RNA was extracted using TRIsure (Nippon Genetics, Tokyo, Japan). cDNA synthesis was performed by SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) using 1 g total RNA as previously described (27) . Quantitative real-time PCR was performed with SYBR Premix Ex Taq (Takara Bio, Shiga, Japan), using a Mx3000p Real-Time PCR System according to the manufacturer's instructions (Stratagene, La Jolla, CA). The primer pairs used were as follows: uncoupling protein (UCP) 1, 5Ј-TACCAAGCTGTGCG-ATGT-3Ј and 5Ј-AAGCCCAATGATGTTCAGT-3Ј; UCP2, 5Ј-GCCCGGG-CTGGTGGTGGTC-3Ј and 5Ј-CCCCGAAGGCAGAAGTGAAGTGG-3Ј; and UCP3, 5Ј-ATCGCCAGGGAGGAAGGA-3Ј and 5Ј-GTTGACAATGG-CATTTCTTGTGA-3Ј. The PCR primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from QIAGEN. The relative mRNA expression levels of UCP1, 2, and 3 were calculated as a ratio to those of GAPDH.
Statistical analysis
Data were expressed as means Ϯ se. The significance of differences between two groups was assessed with the Student's t test. P Ͻ 0.05 was considered statistically significant.
Results

Generation of SHIP2 transgenic mice
We generated transgenic mice expressing SHIP2 under the control of the cytomegalovirus-immediate early (CMV-IE) enhancer and a modified chicken ␤-actin promoter (Fig. 1A) . Immunoblotting demonstrated that the SHIP2 protein was overexpressed in liver, skeletal muscle, WAT, pancreas, BAT, and brain in SHIP2 transgenic mice (Fig. 1B) . Table 1 shows serum parameters of these mice. The fasting plasma insulin level was increased in SHIP2 transgenic mice, whereas fasting glucose, leptin, adiponectin, total cholesterol, triglyceride, and NEFA levels were comparable between the transgenic mice and wild-type littermates.
Body weight, glucose tolerance, and insulin tolerance in SHIP2 transgenic mice
Transgenic mice overexpressing SHIP2 became heavier with age on a normal chow diet, as shown by a 5.0% increase in the body weight at 24 wk old ( Fig. 2A) . In addition, the glucose tolerance test showed that blood glucose concentrations after the ip injection of glucose were higher in SHIP2 transgenic mice than wild-type littermates at 3-5 ( Fig. 2B ) and 9 months old (Fig.  2C) . The glucose areas under the curves were 14 and 17% higher at respective ages. Serum insulin levels were elevated in SHIP2 transgenic mice compared with those in wild-type littermates at 3-5 ( Fig. 2D ) and 9 months old (Fig. 2E) , and the increase of serum insulin levels was relatively greater at 30 -120 min after the glucose injection in the 9-month-old than 3-to 5-month-old transgenic mice. The insulin tolerance test revealed that blood glucose concentrations at 90 and 120 min after the insulin injection were elevated in SHIP2 transgenic mice compared with those in wild-type littermates at 3-5 ( Fig. 2F ) and 9 months old 
After overnight fasting, serum was collected from male SHIP2 transgenic mice and wild-type littermates at 3-5 months old. Serum parameters were analyzed by ELISA and colorimetric kits. Data are means Ϯ SE.
a P Ͻ 0.05 vs. wild-type mice.
( Fig. 2G) . The glucose area under the curve was 15% higher at 9 months old, whereas the difference was not statistically significant at 3-5 months old. However, the profile of body weight was similar between the transgenic mice and wild-type littermates on a high-fat diet (Fig. 3A) . Although fasting glucose concentrations were elevated in the transgenic mice maintained on the high-fat diet, blood glucose concentrations after glucose loading were not different between SHIP2 transgenic mice and wild-type littermates (Fig. 3B) . Along this line, blood glucose concentrations after the insulin injection were similar between the transgenic mice and wild-type littermates on the high-fat diet (Fig. 3C) . Similar results were observed in another line of transgenic mice (data not shown).
Impairment of insulin signaling in SHIP2 transgenic mice
To investigate the mechanism underlying the impaired glucose tolerance and decreased insulin sensitivity in SHIP2 transgenic mice, we examined the effect of SHIP2 overexpression on the early step of insulin signaling. Insulin-induced tyrosine phosphorylation of IRS1 was not altered in the WAT (Fig. 4A ) and skeletal muscle (Fig. 4B) , whereas it was decreased by 40.1 Ϯ 5.4% in the liver (Fig. 4C ) of SHIP2 transgenic mice. Akt is a key molecule downstream of PI3- Body weight, glucose tolerance, and insulin tolerance in SHIP2 transgenic mice on a normal chow diet. A, Body weight of male SHIP2 transgenic mice (TG) and wild-type littermates (WT) on a normal chow diet. B-E, Blood glucose levels (B and C) and serum insulin levels (D and E) during glucose tolerance tests in 3-to 5-(B and D) and 9-month-old (C and E) transgenic mice and wild-type littermates. The mice were fasted for 16 h and then injected ip with glucose (2 g/kg body weight). F and G, Blood glucose levels during insulin tolerance tests in 3-to 5-(F) and 9-month-old (G) transgenic mice and wild-type littermates. The mice fed ad libitum were injected ip with insulin (1.5 U/kg body weight). Blood glucose and serum insulin levels were measured at the indicated times after glucose or insulin injection. Results are means Ϯ SE. *, P Ͻ 0.05; and †, P ϭ 0.0612 vs. the corresponding value in wild-type littermates. . 3 . Body weight, glucose tolerance, and insulin tolerance in SHIP2 transgenic mice on a high-fat diet. A, Body weight of male SHIP2 transgenic mice (TG) and wild-type littermates (WT) on a high-fat diet. B, For glucose tolerance tests, 3-month-old transgenic mice and wild-type littermates maintained on a high-fat diet were fasted for 16 h and then injected ip with glucose (2 g/kg body weight). C, For insulin tolerance tests, 3-month-old transgenic mice and wildtype littermates maintained on a high-fat diet were injected ip with insulin (1.5 U/kg body weight) in the random-fed state. Blood glucose levels were measured at the indicated times after glucose or insulin injection. Results are means Ϯ SE. *, P Ͻ 0.05 vs. the corresponding value in wild-type littermates.
kinase, which mediates the metabolic action of insulin (2). Insulin-induced phosphorylation of Akt at Ser 473 was decreased by 37.0 Ϯ 9.7%, 63.8 Ϯ 5.7%, and 69.1 Ϯ 8.0% in the WAT (Fig. 4D ), skeletal muscle (Fig. 4E) , and liver (Fig. 4F) , respectively, of SHIP2 transgenic mice. Similar results were obtained for the phosphorylation of Akt at Thr 308 (data not shown). The amount of IRS1 and Akt was not altered in the WAT, skeletal muscle, and liver of SHIP2 transgenic mice compared with wild-type littermates (Fig. 4) . In addition, the amount of glucose transporter 4 protein expressed in the WAT was similar between SHIP2 transgenic mice and wildtype littermates (data not shown).
Hepatic gene expression in SHIP2 transgenic mice and wild-type littermates
The liver is one of the most crucial organs for the in vivo control of glucose homeostasis (28, 29) . Because changes in hepatic gene expression are involved in the regulation of gluconeogenesis, glycolysis, and fat synthesis (30), we conducted a Northern blot analysis to investigate the hepatic gene expression in SHIP2 transgenic mice. The level of G6Pase mRNA (Fig. 5A ) and PEPCK mRNA (Fig. 5B) was increased by 39.9 Ϯ 11.4%, and 39.1 Ϯ 9.0%, respectively. On the other hand, the level of SREBP1 mRNA (Fig. 5C ) was not altered, and that of GK mRNA (Fig. 5D ) was decreased by 9.7 Ϯ 2.7% in the transgenic mice. The abundance of 18S rRNA (Fig. 5E ) was equivalent among the tissue samples to ensure that the same amount of total RNA was used.
Hepatic glycogen and lipid contents in SHIP2 transgenic mice
Glycogen synthesis is mainly regulated by GK and glycogen synthase, a downstream target of Akt (31, 32) . Because insulininduced phosphorylation of Akt was impaired and expression of mRNA for GK was decreased in the liver of SHIP2 transgenic mice, we investigated whether in vivo overexpression of SHIP2 affects hepatic glycogen synthesis in random-fed mice. A difference in hepatic glycogen content was not seen in the 3-month-old mice (Fig. 6A) . In contrast, hepatic glycogen content was significantly reduced in the 9-month-old transgenic mice compared with their wild-type littermates (Fig. 6B) . Histological analysis also revealed a decreased hepatic glycogen content in the 9-month-old SHIP2 transgenic mice. On the other hand, content of muscle glycogen was not different between SHIP2 transgenic mice and wild-type littermates either at 3 or 9 months old (data not shown).
Insulin signaling in the liver also plays an important role in the regulation of lipogenesis (33) . Therefore, we next investigated the accumulation of lipid in the liver of the random-fed transgenic mice. Consistent with the unaltered expression of mRNA for SREBP1, which is crucial for lipogenesis, hepatic triglyceride content was not changed in the 3- (Fig. 6C ) or 9-month-old (Fig. 6D ) transgenic mice. Similarly, the number of fat-positive cells determined by Oil Red O staining in the liver of SHIP2 transgenic mice was similar to that in the wild-type littermates (Fig. 6, C and D) .
Morphology of adipocytes and pancreas in SHIP2 transgenic mice
SHIP2 knockout mice were resistant to high-fat diet-induced obesity (9) . Therefore, we investigated the change in adiposity in SHIP2 transgenic mice. The weight of epididymal WAT was not significantly different between the transgenic mice and wild-type littermates (Fig. 7A ). Based on a histological analysis with H&E staining, the mean size of adipocytes did not differ between the transgenic mice and wild-type littermates (Fig. 7, B and C) .
The morphology and insulin content of pancreas were not altered in SHIP2 knockout mice (12) . To investigate further the possible impact of SHIP2 in the pancreas, we examined the number and size of pancreatic ␣ and ␤-cells. We performed H&E staining, and immunohistochemistry with antibodies against glucagon (an ␣-cell-specific marker) and insulin (a ␤-cell-specific marker) in pancreatic sections of SHIP2 transgenic mice and wild-type littermates. The results showed that the morphology of pancreatic ␣ and ␤-cells in the transgenic mice was indistinguishable from that in the wild-type littermates (the results are listed in supplemental Fig. 1 , which is published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org).
Expression of mRNA for UCPs in SHIP2 transgenic mice
UCPs are known to mediate energy metabolism in the WAT, BAT, and skeletal muscle (34 -37) . SHIP2 knockout mice were protected from gains of body weight, at least in part, due to an increase in the level of UCP3 mRNA in the skeletal muscle (9) . Because SHIP2 transgenic mice exhibited an increase in body weight compared with wild-type littermates, we investigated whether transgenic overexpression of SHIP2 affects mRNA expression for UCPs in the WAT, BAT, and skeletal muscles by using the quantitative real-time PCR method. Expression of UCP1 mRNA was markedly reduced in the WAT (Fig. 8B ), but not BAT (Fig. 8A) , of 5-to 7-monthold SHIP2 transgenic mice, compared with that of wild-type littermates. Transgenic overexpression of SHIP2 did not affect the expression of UCP2 mRNA in the BAT (Fig. 8C) or WAT (Fig. 8D) . The amounts of UCP3 mRNA in the BAT (Fig.  8E ) and skeletal muscles (Fig. 8F) were comparable to those in the wild-type littermates. Similar results were obtained in 9-month-old SHIP2 transgenic mice and wild-type littermates (data not shown).
Discussion
Several critical nodes have been identified in metabolic insulin signaling pathways (38) . Lipid phosphatases, especially phosphatase and tensin homolog deleted on chromosome 10 and SHIP2, are physiologically important negative regulators of the PI3-kinase node at the level of PI(3,4,5)P 3 (13, 39) . Furthermore, SHIP2 is considered more specific to insulin signaling in target tissues than phosphatase and tensin homolog deleted on chromosome 10, which was originally identified as a tumor suppressor (13) . In fact, evidence from animal studies and human genetic studies suggests that the attenuation of insulin signaling by excessive SHIP2 is involved in insulin resistance as a cause of type 2 diabetes (14, 15, 17) . Therefore, it is important to clarify the impact of an excess of SHIP2 in vivo on glucose metabolism and insulin tolerance in the pathogenesis and development of type 2 diabetes.
In the present study, we investigated for the first time the long-term influences of excessive SHIP2 in vivo, by generating SHIP2 transgenic mice, and found that whole-body glucose homeostasis is impaired under such conditions. The transgenic mice exhibited significant gains of body weight, and impairment of glucose tolerance and insulin sensitivity compared with control wild-type littermates. All these changes are greater than those observed in db/ϩm mice with liver-specific transient overexpression of SHIP2 using adenovirus-mediated gene transfer (18) , suggesting that chronic overexpression of SHIP2 in multiple tissues in addition to the liver causes further changes in metabolism. Thus, increased abundance of SHIP2 appears to be an exacerbating factor for obesity and impaired glucose metabolism in mice fed the normal chow diet. Interestingly, on the high-fat diet, the gain of body weight, glucose tolerance, and insulin tolerance were comparable between the transgenic mice and wild-type littermates. Overexpression of SHIP2 does not appear to make the mice more insulin resistant on a high-fat diet. Alternatively, the effect of transgenic SHIP2 overexpression may be maximally masked by other factors elicited by high-fat feeding. The impact of environmental load, including a high-fat diet, on body weight and glucose tolerance appears to differ depending on the increase or decrease in the amount of SHIP2. In this regard, the second-reported SHIP2 knockout mice were protected from high-fat diet-induced obesity and insulin resistance, though glucose and insulin tolerance were unaltered in these mice when they were fed a normal chow diet (9) . However, the involvement of SHIP2 in the biosynthesis and secretion of insulin can be excluded by the absence of any changes in islet structure, and insulin and glucagon contents in SHIP2 transgenic mice. Similarly, experiments with SHIP2 heterozygous knockout mice revealed an unaltered secretion of insulin and morphology of islets based on a histological analysis of the pancreas (12) . Insulin-induced activation of Akt via its phosphorylation appears to be crucial in the regulation of glucose metabolism (2, 5, 6) . Insulin-induced phosphorylation of Akt was decreased in the adipose tissue, skeletal muscle, and liver of SHIP2 transgenic mice, as expected from the elevated 5Ј-phosphatase activity. Therefore, it is most likely that the impairment of glucose and energy homeostasis in the transgenic mice is caused by an attenuation of insulin signaling through the PI3-kinase/Akt pathway. In addition, insulininduced tyrosine phosphorylation of IRS1 was unexpectedly decreased in the liver, whereas it was unaltered in the adipose tissue and skeletal muscle of the SHIP2 transgenic mice. The decrease does not appear to be due to increased serine phosphorylation of IRS1 and its subsequent proteasomal degradation because the total amount of IRS1 was unaltered in the transgenic mice. Although the precise mechanism by which the molecule upstream of PI3-kinase is affected remains unclear, the decreased phosphorylation of IRS1 observed in the liver of SHIP2 transgenic mice might be due to chronic effects of excess SHIP2 because the transient overexpression of SHIP2 by adenovirus-mediated gene transfer did not affect insulin-induced tyrosine phosphorylation of IRS1 in the liver (18) .
Insulin regulates glucose and lipid metabolism in the liver by controlling hepatic gene expression (2, 33) . It is known that the mRNA expression for G6Pase, PEPCK, and SREBP1 is increased, whereas that for GK is decreased in the liver in cases of type 2 diabetes (18, 40, 41) . The present results showed that the abundance of G6Pase and PEPCK mRNAs was increased, that of SREBP1 mRNA was unaltered, and that of GK mRNA was decreased, in the liver of SHIP2 transgenic mice. Similarly, hepatic glycogen content was decreased in 9-month-old, but not in 3-month-old, SHIP2 transgenic mice, whereas hepatic triglyceride content was not altered in either 3-or 9-month-old mice. Indeed, these results are in good agreement with our previous report showing that hepatic expression of G6Pase and PEPCK mRNAs was increased in mice with a liver-specific transient expression of SHIP2 (18) . Thus, the increase in SHIP2 specifically affects glucose metabolism rather than lipid metabolism in the liver.
Gain of body weight on the normal chow diet in SHIP2 transgenic mice does not appear to be caused by the increase of fat weight and WAT area because these in the epididymal fat pads were similar between SHIP2 transgenic mice and wild-type littermates. Unexpectedly, we found that the transgenic overexpression of SHIP2 caused a decrease in the level of UCP1 in WAT, but not in BAT. Because UCP1 involves heat production mainly in BAT as a key step of energy expenditure (42) , functional significance of the observed decrease in UCP1 expression in WAT remains unknown. On the other hand, SHIP2 knockout mice were reported to be protected from obesity when maintained on a high-fat diet mainly via an up-regulation of UCP3 expression in skeletal muscles (9) . Thus, the change in the level of SHIP2 expression appears to have a different impact on the expression of UCPs in different tissues.
An increasing amount of evidence indicates that the hypothalamic actions of insulin are important in maintaining whole-body energy balance by regulating food intake, energy expenditure, and hepatic glucose production (43) . Therefore, neuron-specific insulin receptor knockout mice exhibited increased food intake and moderate diet-dependent obesity (44) . In the present study, we detected that the level of SHIP2 was also elevated in the hypothalamus of SHIP2 transgenic mice. However, the amount of food intake under ad libitum feeding conditions was not apparently different between SHIP2 transgenic mice and wild-type mice, either on the normal chow or high-fat diet (data not shown). Regardless of the fact, we cannot exclude the possibility that the excessive SHIP2 affects the hypothalamic actions of insulin regulating glucose homeostasis and energy expenditure, and that accumulation of subtle daily changes in food intake leads to the mild weight gain in the transgenic mice. Further studies would be required to clarify the role of SHIP2 in hypothalamic functions.
In conclusion, we provide direct evidence that a chronic excess of SHIP2 causes attenuation of peripheral insulin signaling in target tissues and associated changes in hepatic gene expression for glucose homeostasis, resulting in impairment of glucose metabolism and insulin sensitivity. Therefore, preserving normal levels of SHIP2 activity may be valuable, at least in part, to protect against the development of glucose intolerance and insulin resistance.
